Introduction
Nerve cells are distinct from other cells by dint of their excitability and polarity. Many messenger ribonucleic acids (mRNAs), proteins and organelles are needed in one cell compartment but not in others and must therefore be sorted accordingly, regrouped and transported over sometimes long distances into axons and dendrites. In general there are two distinct mechanisms of subcellular accumulation of molecules: first, motor proteins actively transport molecular cargo during energy consumption along cytoskeletal elements [1, 6] . Second, the navigation of molecules via diffusion may occur when a downstream trapping mechanism is involved, e.g. intercepting transmembrane receptors on a submembranous protein scaffold [11] . Active transport is mediated by myosin along actin filaments. This transport pathway is typical of the actin-enriched cell cortex beneath the plasma membrane [13] . Moreover, kinesin-and dynein-family motor proteins mediate active transport along microtubules within the cell. Microtubule transport mediates the delivery of molecular cargo to cell nuclei, cell bodies and neurites and plays a significant role in long-distance cellular transport [1, 4, 13] . Transmembrane transport goods alternate between actin filament-and microtubule-based transport to reach or leave the cell surface. The relevant transport vesicles appear in part to simultaneously connect to varying motor complexes in order to be moved efficiently from one transport pathway to another [1, 4] . As part of synaptic plasticity-the ability of synaptic transmission to strengthen or weaken [9] -it may be necessary to adjust transport rates to modified requirements or navigate molecular cargo to targeted areas of a complex dendritic tree. Individual synapses have no molecular address, but appear to be favored through repeated activation compared with"naive" synapses in their delivery with mRNAs and proteins. This model, discussed in the context of a synaptic tagging hypothesis [2] , suggests, among other things, that active synaptic contacts could represent a preferred transport destination and, moreover, could promote local protein synthesis [12] to ensure maximum supply with molecules per unit time. Our current understanding of the specificity of neuronal transport processes is limited. Answering the question of how a limited number of molecular motors can navigate a far greater number of transport goods to a variety of destinations requires better insight into cellular logistics, particularly into the composition of individual transport complexes and the structure of cytoskeletal elements on which transport processes work.
Kinesin-and dynein-dependent transport of synaptic proteins
Microtubules are polymer structures made up of α-und β-tubulin with a unipolar structure. They possess plus ends which are directed predominantly towards the cell surface, as well as minus ends which originate in the microtubuleorganizing center (MTOC) within the cell body (. Fig. 1 ). Motor proteins of the kinesin superfamily (KIF proteins) are usually plus-end directed motors, which transport molecular cargo primarily to the cell periphery [4] (. Fig. 1 ). In con-trast, dynein motors move to the minus end and are often involved in processes of transmembrane protein internalization as well as molecular degradation [1] . The interaction of these two systems in a dynamic equilibrium contributes to the molecular turnover of mRNAs, proteins and organelles (. Fig. 2 ), also enabling regulation of the synaptic equilibrium of individual channels, receptors or cell adhesion proteins.
The dynein motor is involved in internalization of the cell adhesion protein neuroligin-1 and contributes in this context to the regulation of neuroligin-1 concentrations in synapses [10] . Neuroligins are post-synaptic transmembrane proteins which bind to the presynaptic proteins of the neurexin family. The neuroliginneurexin complex forms a physical link between pre-and post-synaptic sites and mediates important structural and functional tasks to synaptic contact points. Recent work at our laboratory using time-resolved video microscopy was able to demonstrate that individual transport particles of neuroligin-1 leave the synapse without the axodendritic contact necessarily being reformed [10] (. Fig. 3 ). In contrast, chemically induced destruction of microtubules, which act as transport pathways for motor proteins and which, under synaptic activation, can migrate to dendritic spines, reduced neuroligin-1 transport rates from the cell surface. In combination with a multitude of diffusion processes of synaptic membrane proteins within the plasma membrane [11] active intracellular transport appears to be decisively involved in the regulation of synaptic protein turnover as well as synaptic plasticity, as discussed below.
The role of cargo adaptors
The hitherto known motor cargo complexes responsible for neurotransmitter receptor delivery to synaptic contact sites (. Fig. 2 ) typically comprise a transport vesicle which binds to a kinesin-family motor via a transport adaptor protein (cargo adaptor) [6] . Since in mammals fewer than 50 motor proteins transport a much greater volume of cargo, the adaptor gives the system the required specificity and appears to inform the motor about the cargo it is carrying. Kinesin 1 (KIF1) transports both glycine receptors to inhibitory synapses on dendritic spines [8] and α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptors to excitatory synapses [4] , most of which are located at the tip of dendritic spines (. Fig. 2 ). Moreover, the cargo adaptors GRIP1 and JSAP1 determine whether KIF5 migrates preferably to axons or to dendrites, since the unloaded motor shows no preference for either of the two compartments [4] . In the case of transport complexes for the transport of NMDA receptors, several adaptor proteins are functionally involved in regulating this specificity [4] . Notably, many cargo adaptors have a dual function, mediating the association between surface receptors and the submembranous protein scaffolding in addition to their role in the transport complex. Typical examples of this type of cargo adaptor include gephyrin, PSD-95 and GRIP1, which were originally described for their structural func-
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Multiple motor protein complexes have been identified that actively transport synaptic cargoes along microtubules and actin filaments in both anterograde and retrograde directions. Different synaptic proteins couple via adaptor molecules to molecular motors and individual cargo adaptors also mediate scaffolding functions at postsynaptic membrane specializations, or have been found to participate in the navigation of cargoes to either axons or dendrites.
Increasing evidence suggests a functional crosstalk between synaptic activation and the intracellular transport machinery.
Whether microtubule-based transport contributes to long-term strengthening or weakening of synapses is currently under investigation. A variety of posttranslational modifications of tubulin positively or negatively influence cargo traffic and are suggested to act as molecular traffic signs in transport regulation. With only a few exceptions in proximal dendrites, plus ends are generally directed towards the periphery or cell surface. The dynein motor complex transports molecular cargo to microtubule minus ends in the direction of the cell body (retrograde transport). This transport system is, among other things, involved in the internalization of transmembrane proteins from the cell surface. Individual transport vesicles bind, possibly simultaneously, to motors operating in the opposite direction. By deactivating a motor, the opposing motor can alter the transport direction. Moreover, opposing motors from the ends of microtubules appear to transport each other in a"piggy back" fashion (recycling) tions in the postsynaptic density, i.e. protein accumulation below the postsynaptic membrane [6] . Whether transport adaptors, together with their transmembrane cargoes (receptors and cell adhesion proteins), are built into the synapse where they mediate the integration of these proteins remains unclear. It is possible that cargo adaptors play a key role in understanding how the direction of molecular transport processes is regulated.
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Activity-dependent regulation of intracellular transport
In order to be able to make new factors available in synaptic plasticity rapidly and efficiently, neurons synthesize a large number of proteins locally, transporting organelles and mRNAs over long distances to the distal cell region to this end [12] . Most proteins, however, are synthesized on somatic ribosomes in the cell body and therefore require steering to the appropriate subcellular functional sites [4] .
How neuronal activity directs molecules to a particular synapse in a targeted manner remains largely unexplained. However, it would appear that the regulation of transport direction within a polar neuron includes several functional levels. On the one hand, motor cargo complexes are activated/deactivated by cellular signals, while on the other posttranslational modifications of the tubulin C-terminal alter the transport pathways (microtubules) along which molecular motors run.
Hirokawa and colleagues were able to show that the activation of synaptic NMDA receptors, which mediate the inflow of calcium in nerve cells, activates the protein kinase CaMKII, which then phosphorylates the kinesin KIF17 [3] . KIF17 mediates microtubule-dependent trans-port of NMDA receptors, whereby it binds to the receptor subunit NR2B via the cargo adaptors mLin-2, mLin-7, and mLin-10 [4] (. Fig. 2 ). This local phosphorylation of KIF17 induces a dissociation of the motor cargo complex in the proximity of activated synapses, locally increasing the likelihood of exocytosis of the transport vesicles, which contain new NMDA receptors. This type of model suggests that activated synapses give the signal themselves in order to take new material from an intracellular pool, which is channelled in the form of transport cargo.
The retrograde motor complex dynein also reacts intracellularly to changes in neuronal activity. The depolarization of cultured hippocampal neurons leads to a dramatic reduction in moving particles in the dynein subunit DIC 2B [7] . At the same time, the speed at which remaining mobile particles move is reduced. In Fig. 4C,D) increases the number of mobile GFP-neuroligin-1 particles in neurons and suggests that neuronal activity processes are functionally linked with intracellular transport (modified from [10] roligin-1 levels on the cell surface decrease. Pan-cadherin serves as a load control (modified from [10] with kind permission) agreement with these observations following changes in neuronal activity, the density of the transmembrane adhesion molecule neuroligin-1 at the neuronal cell surface also changes, and the molecule is transported inside the cell by dynein in a retrograde direction [10] . Inducing long-term potentiation (LTP) in acute hippocampal tissue slices increases neuroligin-1 density at the plasma membrane, while long-term depression (LTD) results in a reduction in this molecule at the cell surface (. Fig. 4 ). Parallel to this loss of neuroligin-1 surface molecules under LTD conditions, LTD increases the number of mobile neuroligin-1 transport particles over time. These data indicate a precisely regulated association between intracellular transport processes and neuronal excitation. They suggest that particularly active areas of a neuron are characterized by increased transport processes and are possibly supplied with material in a different way to less active cell areas.
Tubulin modifications as molecular traffic signals to regulate neuronal transport processes
In addition to regulating transport processes on the motor-cargo-complex level, regulated modifications to microtubules appear to influence how efficiently motors are able to move along their transport pathways [5] .
Microtubules are polymers made up of various combinations of α-and β-tubulin proteins. Posttranslational modifications (PTMs) of tubulin mark the surface of this polymer and, thus, the interaction between tubulin and associated proteins. In addition to acetylation and tyrosination/ detyronisation of tubulin, tubulin polyglutamylation in neurons is known, which leads to chain-like PTMs of the protein within the microtubules via accumulation of glutamyl residues on various recognition sequences in the tubulin C-terminal.
Early evidence shows that microtubule PTMs could regulate the transport of motor cargo complexes in vitro and in neurons. Acetylation of lysine 40 in α-tubulin increases binding of conventional kinesin (KIF5) to microtubules and promotes motor motility [5] . In contrast, increased polyglutamylation of tubulin had a negative effect on the transport of the KIF5-dependent cargo adaptor gephyrin in distal neurites (. Fig. 5 ). The functional blockade of inhibitory glycine receptors with strychnine as well as the activation of excitatory AMPA receptors prevents newly formed gephyrin from being transported out of the cell body to the distal region of the nerve cell efficiently. Conversely, in the presence of the AMPA receptor antagonist DNQX, gephyrin particles were distributed normally in the dendritic cell protuberances. Functional inactivation of the neuronal enzyme complex and an siRNA-mediated reduction in enzyme subunit gene expression provided evidence that polyglutamylases are responsible for this process. In the absence of functional polyglutamylation the gephyrin particles transported by KIF5 reached their destination at distal synapses as usual [8] . Therefore, polyglutamylases appear to be regulated by activity-dependent signal processing to navigate cellular traffic along the cytoskeleton. How these regulatory processes work mechanically and which signalling molecules are involved remains as yet unexplained. Overpolyglutamylation of tubulin may increase recruitment of microtubuleassociated proteins such as MAP2, thereby disrupting the course of transport processes. Differential regulation by tubulin PT-Ms of individual neurites or even individu-al microtubules within the same nerve cell could represent a mechanism to promote the direction of transport to a particular area or prevent transport processes in another subcellular region (. Fig. 5d ).
Conclusion
In order to understand the way in which polar nerve cells control transport directions and to what extent neuronal excitation influences this process, experimental approaches using imaging processes preferably in combination with genetic modification in vivo are required in the future. Moreover, it is necessary to consider whether animal models with defined transport modifications display phenotypes in terms of synaptic plasticity and behaviour. Overexpression of the NMDA receptor motor KIF17 in mice lead for example to increased spatial learning in Morris water maze experiments [4] and provides initial indications of associations of this type. In addition, future findings on neuronal transport processes could contribute to our understanding of molecular mechanism of diseases characterized by intracellular protein aggregates. Tubulin PTMs may be functionally involved in tauopathy or Huntington's disease, since the Huntington protein functions, among other things, as a molecular switch to control anterograde vs. retrograde transport. To what extent the regulation of intracellular transport additionally deploys molecular traffic signs for navigation and uses these, where necessary, as code for the identity of subcellular compartments promises to be an interesting aspect of research in this field of cell biology. Main to investigate postsynaptic proteins of inhibitory synapses. This work gained the Jansen-Cilag Sponsorship Award from the German Neuroscience Society in 2001. In 2002 he moved to the Hamburg Center for Molecular Neurobiology (ZMNH) as an independent senior research scientist. During this time he investigated primarily molecular processes of neurotransmitter receptor turnover and transport, receiving the Chica and Heinz Schaller Research Award in 2006. Matthias Kneussel qualified as a university lecturer in the period 2004-2005 in the subjects biochemistry and genetics and was appointed director of the Center for Molecular Neurogenetics at the ZMNH in 2010. Since then, his research group has combined working methods using mouse genetics with neuronal time-resolved videomicroscopy and behavioural research to better understand synaptic transport processes in relation to neuronal plasticity, learning and memory.
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